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SUMMARY

OBJECTIVES

The primary objective of this research has been to investigate the cause of observed

variations in the amplitude of Lg waves, which propagate to far regional distances in the Eurasian

continenta craton. It is usually assumed that Lg waves should propagate efficiently to far regional

distances in continental-shield regions because of the high crustal Q. This study follows up earlier

research (Baumgardt, 1985 (,, b); Baumgardt, 1987) which has shown that Lg waves, recorded at

NORSAR from PNEs in the Soviet Union, exhibit significant amplitude variations that do not

seem to relate to crustal-Q variations. The approach has been to try to relate the Lg amplitude

variations to the geological and geophysical characteristics of the propagation path, in the form of

geologic isopach maps and crustal cross-sections. The goal has been to determine what salient

features of the propagation path may cause Lg amplitude variations, due to scattering and blockage

effects.

SUMMARY OF RESULTS

Two major studies of Lg propagation have been made under this project. The first study is

an investigation of the nature of Lg propagation from the Soviet test site at Novaya Zemlya as

recorded by array sensors to the south, including the new regional arrays ARCESS and NORESS,

and the teleseismic Graefenburg array, located near the recently installed GERESS regional array.

This study is important because of the recently announced intention of the Soviet Union to shift

their underground nuclear testing activities from the test site near Semipalatinsk to Novaya Zemlya.

The second study follows up earlier ones (Baumgardt, 1985b; Baumgardt, 1987) of long range Lg

propagation from nuclear explosions in the platform and shield regions of the Soviet Union. The

present study gives geological interpretations of the efficiency of Lg propagation.
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Blockage of Lg Waves from Novaya Zemlya

Section 1.0 of this report describes the results of the analysis of Lg waves from the Soviet

test site at Novaya Zemlya. This study has shown that Lg waves from Novaya Zemlya, recorded

at the Scandinavian arrays, NORSAR, NORESS, and ARCESS, are clearly blocked. An initial

study using the regional arrays, reported in the special issue of the Seismological Society of

America bulletin devoted to regional arrays (Baumgardt, 1990), showed that weak Lg waves are

recorded at the ARCESS and NORESS arrays, but that stronger Lg waves are recorded at the

Graefenburg array. Section 1.0 describes a follow-up study, which includes analysis of more

ARCESS data and additional data from the NORSAR array, shows that the Lg blockage may be

caused by the Barents sedimentary basin beneath the Barents Sea. "Early Lg" waves can be

observed at both arrays, which may be caused by Sn-to-Lg mode conversions from the vertical

interface of the Barents Sea sediments and the Kola Peninsula, where no sediments exist. Crustal

cross-sections through the region have been made which show that the sediment thicknesses may

reach 15 km. Ray tracing plots show that low velocities in the sediments cause the Lg modes to be

delayed and diverted. Repeated reverberations of shear waves, believed to compose the Lg modes,

in the low Q sediments may further reduce the amplitudes of Lg waves, which propagate through

the structure. Sn modes seem to be unaffected, since they presumably are diving waves in the

upper mantle and propagate beneath the sedimentary basin.

Geological Interpretation of Lg Propagation in the Soviet Union

Section 2.0 of this report presents an analysis of the geological heterogeneity along various

Lg propagation paths which traverse the Soviet Union and the effect of this heterogeneity on the

propagation efficiency of Lg along the paths. In this study, geological crustal cross-sections were

made for several long-range Lg propagation paths through the Soviet Union and analyzed to

interpret the propagation path features which may be responsible for the observed efficiency or

vi



inefficiency of Lg propagation through the region. Lg waves appear to be severely blocked by

heterogeneities in the upper crust resulting from sedimentary basins in the Soviet shield and

platform regions. The biggest effects were produced by the Pechora, Caspian, and Ural Basins.

Blockages seem to result from basins where there are unusually thick sediments, usually in excess

of 10 kn, where the basin is fully contained and the sediments pinch out at the edges of the basin,

and/or where there are topographic inhomogeneities at the edge of the basin which may scatter both

Sn and Lg waves. Less blockage has been observed for events which occurred inside sedimentary

basins themselves, where the basin sediments are not usually thick, or where the sediments thin

very gradually with distance. The Ural Mountains and the adjacent sedimentary seem to partially

block Lg waves, although the central Urals may pose more of a block than the southern Urals.

OVERALL CONCLUSIONS

The overall conclusion of this study is that heterogeneity in the upper crust, sometimes

referred to as the "granitic layer," seems to be the primary factor in the blockage of Lg. Whenever

a large part of the granitic layer is replaced in a confined region, like in a basin, by lower velocity

sediments, such that there is a large velocity contrast between the basin sediments and the

surrounding granitic rocks, Lg waves appear to be trapped in the basin and are attenuated by

repeated reverberations in the basin. As a result, Lg waves are delayed, diverted, scattered, and

hence, blocked, such that their recorded amplitudes are much reduced compared with what is

expected from anelastic attenuation. The effects of Lg blockages need to be taken into account

whenever Lg amplitudes are used for yield estimation and event identification.
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1.0 CAUSE OF THE BLOCKAGE AND SCATTERING OF LG WAVES FROM

PRESUMED NUCLEAR EXPLOSION AT NOVAYA ZEMLYA

1. 1 INTRODUCTION

The Lg phase has assumed critical importance in test ban treaty monitoring, both for yield

estimation and event identification. In yield estimation, Lg amplitudes have been shown to provide

improved precision for relative yield estimation (Hansen et al, 1990), although methods for path

correcting Lg amplitudes for estimation of absolute yields, such as the Lg Q correction method of

Nuttli (1988), are still uncertain. In seismic discrimination, recent studies have shown that

explosions and earthquakes may be separable, based on the latter having higher Lg excitation

relative to P than the former (Bennett et al, 1989; Baumgardt and Young, 1990). In both these

applications, the proper use of Lg amplitude measurements for seismic source characterization

requires that propagation path effects on Lg amplitudes be understood.

In 1989, the Soviet Union announced its intention to shift its weapons testing activities

from the western Kazakh test site near Semipalatinsk to the Arctic island of Novaya Zemlya. As a

result of this decision, increased attention has been placed on regional propagation, particularly Lg

phase propagation, from Novaya Zemlya to regional stations.

The Novaya Zemlya test sites are within regional distances to the regional arrays, ARCESS

(100) and NORESS (210), and Lg waves would normally be expected to be recorded at these two

arrays from explosions at these two test sites. I lowever, Baumgardt (1990) has shown that Lg is

almost completely missing at ARCESS and very poorly recorded at NORESS. The most likely

explanation for this Lg "blockage" is that Lg must cross the Barents Sea from the Novaya Zemlya

island to Scandinavia. Geological evidence from the Soviet literature indicates that the Barents Sea

is underlain by a sedimentary basin, with sediment thicknesses on the order of 15 kin. Baumgardt

(1990) suggested that this laterally heterogeneous structure causes a breakdown in the Lg crustal
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waveguide across which the phase does not propagate. However, this study presented no explicit

mechanism for how the sedimentary basin actually blocks Lg.

This report presents the results of a follow-up study of the Barents Sea Lg blockage. We

examine the nature of the blockage in more detail, using data from the NORSAR teleseismic array.

A preliminary analysis of this data had been presented in an earlier study (Baumgardt, 1990), in

which it was argued that the blockage of Lg from Novaya Zemlya could not be explained by the

effects of anelastic attenuation Jone. Moreover, we also present additional data from Lg recorded

at different arrays to compare and contrast paths which do and do not pass through the Barents

Sea, in order to show how the Barents blocks Lg propagation.

We have also studied in detail the topographic and geological characteristics of the

propagation paths across the Barents Basin, using information from the Soviet geological

literature. Two-dimensional ray tracing calculations of S waves in a simulated basin structure were

done in order to model how Lg waves, which are primarily composed of S-wave reverberations in

the crust, could be blocked by such a structure. It will be shown that if the granitic layer in the

crust is replaced by a lower velocity sedimentary column in a basin, the basin essentially acts as an

Lg trap, in which the Lg waves are captured by the basin and are attenuated by reverberations

within the basin. The effects of such sedimentary basin structures, which are quite common

throughout the entire Soviet Platform, need to be taken into account, along with anelastic

attenuation, in correcting Lg amplitudes for propagation path effects in both event identification and

yield estimation.
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1.2 NORSAR DATA FOR NOVAYA ZEMLYA EXPLOSIONS AND NEARBY
PNES

The characteristics of regional waveforms recorded at NORSAR from several nuclear

explosions were analyzed. These include Soviet peaceful nuclear explosions (PNEs) on the Kola

Peninsula and near the White Sea. and five explosions at Novaya Zemlya. The source parameters

for these explosions are given in Table 1, and the locations of the explosions and great circle paths

from the explosions to NORSAR are shown on the map in Figure 1-1. These events were selected

for comparison because the paths from the two PNEs are entirely continental, whereas the path

from Novaya Zemlya to NORSAR has a segment which includes the Barents Sea. Thus,

comparison of the Lg waves from the PNEs with those from Novaya Zemlya will show directly

the effects of the Barents segment on the Lg propagation efficiency.

Although several nuclear explosions have been tested at Novaya Zemlya during the time

that the NORSAR array has been operating, almost all the events produced clipped P waveforms at

NORSAR because of the large size of the explosions and the efficient propagation paths from

Novaya Zemlya to NORSAR. The largest Novaya Zemlya explosions, with body-wave

magnitudes in excess of 6.0 which occurred prior to 1976, wrote clipped waveforms at NORSAR

throughout the entire time period when Sn and Lg energy is expected. The Novaya Zemlya

explosions selected for this study had magnitudes less than 6.0 and were not clipped at the times

when Sn and Lg are expected, although the P waves were clipped.

Figure 1-2 shows a record section of the waveforms recorded at the NOIAO channel of

NORSAR for the two PNEs and one of Novaya Zemlya explosions. Each waveform has been

filtered in the 0.6 to 3.0 Hz band. The arrivals, which have been interpreted as being Pn, Sn, and

Lg, are so marked on the waveforms. The two PNEs produced waveforms which resemble typical

regional wavefonns, with relatively sharp Pn onsets, an emergent arrival corresponding to the Sn

3



TABLE 1

PARAMETERS FOR EVENTS STUDIED AT NORSAR

1a= Lattud Loztd h Regio

09/04/72 07-00-03.6 67.69 33.45 4.6 Kola Peninsula

08/10/78 07-59-57.7 73.31 54.70 5.9 Novaya Zemlya

10/11/80 07-09-57.2 73.36 54.82 5.7 Novaya Zemlya

08/18/83 16-09-58.6 73.38 54.87 5.9 Novaya Zemlya

09/25/83 13-09-57.9 73.35 54.38 5.8 Novaya Zemlya

10/25/84 06-29-57.7 73.37 54.96 5.9 Novaya Zemlya

07/18/85 21-14-57.4 65.97 40.86 5.0 White Sea

4



FIGURE 1-1: Map showing the propagation paths from the Kola Peninsula PNE,
the White Sea PNE and the Novaya Zemlya test site from the NORSAR array.
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onset, and strong Lg arrivals. The Novaya Zemlya explosion produces a strong P signal at

NORSAR, an emergent Sn onset similar to the one from the PNEs, but no corresponding Lg

arrival. It should be noted that the Pn signal from Novaya Zemlya is clipped, so the actual

amplitude of Pn relative to Sn is actually much greater than that implied in Figure 1-2.

Figure 1-2 clearly shows that Lg has been greatly reduced relative to Pn for the Novaya

Zemlya explosion compared with that of the nearby PNEs. Although some attenuation in Lg

would be expected due to the increased distance of Novaya Zemlya from NORSAR, compared

with the PNEs, the lack of Lg from Novaya Zemlya cannot be explained by anelastic attenuation

effects alone.

One notable feature of the Novaya Zemlya recording is that there is a strong arrival which

appears in the Sn coda well ahead of the expected on-time Lg arrival. This arrival corresponds in

time to the "early Lg" phase discussed by Baumgardt (1990), which was also observed for recent

Novaya Zemlya explosions recorded at NORESS. This phase was interpreted as being an Lg

phase because its phase velocity, measured by the frequency-wavenumber (FK) method, was less

than 4.0 km/sec. This velocity is lower than expected for Sn, but about right for Lg. Because the

NORESS array is located within the larger NORSAR array, we interpret this phase to be the same

"early Lg."

The early Lg, however, is too early to be the Lg which propagates directly from Novaya

Zemlya. This phase was interpreted by Baumgardt (1990) to be an Lg phase produced by mode

conversions of Sn at the interface of the Barents Sea and the Kola Peninsula, as shown in Figure

1-3. The point at which the direct Sn from Novaya Zemlya intersects the Kola Peninsula,

assuming it propagates along the great-circle path, is at a distance of about 130 from NORSAR, as

7
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FIGURE 1-3: (a) Map showing the location of the proposed Sn to Lgconversion
point at the interface of the Kola Peninsula and the Barents Sea. (b) The relative

arrival time of the Lg which would follow Sn for a mode conversion at 130 from
the NORSAR array (modified from Gupta, et al, 1980).
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shown in Figure 1-3a. If Lg originates at that point, due to mode conversion from Sn, the

converted Lg would lag the Sn phase by about 110 seconds, using the travel-time curve of Eurasia

of Gupta et al (1980), shown in Figure 1-3b. This is about the time delay between the Sn onset

and the Sn - coda arrival in Figure 1-2.

Figure 1-4 shows a plot of the incoherent beams of all five Novaya Zemlya explosions

recorded at NORSAR. Incoherent beams, whose computation is described in detail by Baumgardt

(1985), are array-stacked log-rms envelope traces. Each trace begins at the P onset time and has

been shifted by one log-rms unit for display purposes, so the vertical axis only gives relative log-

rms amplitudes. The horizontal dashed lines show the mean noise level averaged over two-

minutes of noise just ahead of the P onset. Each waveform was filtered from 0.6 to 3.0 Hz before

the log-rms stack traces were computed.

The first solid vertical line indicates the inferred onset of Sn, the vertical dashed line shows

the expected arrival time of the Sn-to-Lg conversion at 110 seconds after the Sn phase. A large

pulse can be seen on all of the traces, which has a log-rms amplitude above that of the maximum

Sn amplitude. The second solid vertical line shows the inferred arrival time of the direct Lg phase,

which should have a group velocity of 3.5 km/sec. This arrival seems to be manifested on each

trace by a flattening of the coda level after the early Lg onset. This arrival is, in fact, easier to

discern on these log-rms incoherent beam traces than on the original seismograms. The signal-to-

noise ratio at the time of the expected on-time Lg is quite large, although the Lg is much less than

the Sn amplitude.

In summary, the NORSAR data supports the conclusions of Baumgardt (1990) that the

propagation of the Lg phase from Novaya Zemlya to Norway is blocked and that the shear phases

9
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FIGURE 1-4: Incoherent beam plots of five Novaya Zemlya nuclear explosions

recorded at the NORSAR array. The inferred arrival times of Sn, Lg and the Sn-

to-Lg mode conversion from the Kola-Barents interface. Each beam has been

shifted by one rms unit for display purposes, so that the vertical axis only refers

to relative amplitude levels.
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from Novaya Zemlya are dominated by the Sn phase and an Sn-to-Lg mode conversion at the

Barents Sea-Kola Peninsula interface. A direct Lg can also be inferred on the incoherent-beam

traces, which is somewhat more apparent on the the NORSAR beams than on the NORESS beams

studied by Baumgardt (1990). Although the Sn coda at the expected time for Lg does have high

signal-to-noise ratio, this phase has apparently been much attenuated along the propagation path.

Since the only difference between the propagation paths from the PNEs, which produced strong

Lgs at NORSAR, and Novaya Zemlya is the Barents Sea, it would appear that the Barents Sea

segment of the path is responsible for the Lg blockage.

1.3 ARCESS, NORESS, AND GRAEFENBURG RECORDINGS OF NOVAYA

ZEMLYA EXPLOSIONS

In this section, we present additional analysis of waveforms, recorded at the new ARCESS

and NORESS sensors in Norway and at the Graefenburg array in Germany, for nuclear explosions

at the Novaya Zemlya test site. This follows up and completes an initial study described by

Baumgardt (1990). The event parameters of the Novaya Zemlya explosions which have occurred

since ARCESS began recording data are presented in Table 2. The locations of the three arrays

and the great-circle propagation paths from Novaya Zemlya to the sites are shown in Figure 1-5.

The waveforms for the three explosions recorded at the ARCESS array center element

(FRAO) are shown in Figure 1-6. Baumgardt (1990) showed an incoherent beam for the May 7,

1988 event and indicated that there was no Lg recorded at the time expected for an Lg with a group

velocity of 3.5 km/sec. This fact is reinforced in Figure 1-6, where virtually no energy is present

on the ARCESS waveforms for 3.5 km/sec.

11



TABLE 2

PARAMETERS FOR NOVAYA ZEMLYA EVENTS RECORDED
AT NORESS AND ARCESS

1=LDw Ll nic mb
05/07/88 22-49-58.0 73.35 54.47 5.6

12/04/88 05-19-53.6 73.49 54.18 5.7

10/24/90 14-57-54.7 72.86 54.66 5.4

12
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ARCESS, NORESS and Graefenburg arrays.
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The results of incoherent beam analysis of these events are shown in Figures 1-7 and 1-8,

which show, respectively, the unlogged and logged rms incoherent beams. The beams were

computed like the NORSAR beams discussed above by averaging across the array the rms

amplitude, in the case of Figure 1-7, and the log-rms amplitude, in Figure 1-8, computed in one

second time windows shifted down the trace. The waveforms were pre-filtered from 0.5 to 2.5 Hz

prior to computing the beams. The beams have been aligned to the first P onset time, and the

horizontal dashed line shows the mean noise level in the segment immediately ahead of the P.

Comparison of Figures 1-7 and 1-8 shows that taking the logarithm of the mis amplitude reduces

the dynamic range between the largest and smallest amplitudes.

Figures 1-9 and 1-10 show unlogged incoherent beams at ARCESS and NORESS for the

December 4, 1988 and the October 24, 1990 events, respectively. The corresponding logged rms

incoherent beams are plotted in Figures Il I and 1-12. For wavetrains where this dynamic range

is large, as in the case of the NORESS recordings of the Novaya Zemlya events shown in Figures

1-9 through 1-12 and for the NORSAR incoherent beams in Figure 1-4, taking the logarithm is

useful because of the large difference in amplitude between the P and S wave amplitudes. More

details of the Sn codas at NORESS can be discerned on the log-rms plots than on the unlogged

plots. In the case of the ARCESS recordings of the same explosions, this amplitude contrast is

smaller and the unlogged plots are more informative.

The interesting features visible in the ARCESS recordings of the Novaya Zemlya

explosions are that the Sn wave is well recorded, with an impulsive type onset and amplitude

which exceeds that of the P wave, and that there is a secondary pulse about 10 to 15 seconds into

the Sn coda. This secondary pulse may correspond to the "early Lg" arrival observed at NORSAR

and NORESS. Since NORESS and NORSAR are co-located, the "early Lg" phase can be seen in

the short period data from both arrays. (Note: It is easiest to see the early Lg at NORESS on the

log-rms beam traces in Figures 1-11 and 1-12.) Figures 1-9 through 1-12 compare these
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FIGURE 1-7: Unlogged incoherent beams of the same three Novaya Zemlya
explosions recorded at the ARCESS array, whose waveforms are shown in Figure
1-6.
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FIGURE 1-8:. Logged incoherent beams of the same three Novaya Zemlya
explosions recorded at the ARCESS array, whose waveforms are shown in Figure
1.6.
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FIGURE 1-9: Comparison of unlogged incoherent beams at ARCESS and
NORESS for the December 4, 1988 explosion.
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FIGURE 1-10: Comparison of uniogged incoherent beams at ARCESS and
NORESS for the October 24, 1990 explosion.
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FIGURE 1-11: Comparison of logged incoherent beams at ARCESS and
NORESS for the December 4, 1988 explosion.
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FIGURE 1-12: Comparison of the logged incoherent beams at ARCESS and
NORESS for the October 24, 1990 explosion.
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secondary coda arrivals. The relative arrival time between the secondary pulse at ARCESS and the

"early Lg" is about 3.5 km/sec, which suggests these arrivals are, in fact, Lg waves.

It has been argued in the previous section and in Baumgardt (1990) that the "early Lg" at

NORSAR and NORESS comes from an Sn-to-Lg mode conversion from the interface between the

Barents Sea and the Kola Peninsula, based on it's arrival time relative to Sn. Whether the

secondary pulse in the Sn coda at ARCESS is the same arrival depends on whether its arrival time

relative to Sn agrees with what is expected for the distance of ARCESS from the Barents-Kola

interface. This point will be addressed again when the topographic cross-sections are discussed in

the next section.

Figure 1-13 shows a plot of the Graefenburg incoherent beams for the Novaya Zemlya

explosions. A 0.6 to 3.0 Hz bandpass filter was applied to each waveform prior to computing the

incoherent beams. Although the instrument response of the Graefenburg sensors, described by

Harjes and Seidl (1978), is different than the Norwegian arrays, these differences are not

significant in the narrow 0.6 to 3.0 Hz passband. Thus, the relative excitation of regional phases

in this band can be considered without correcting for differences in instrument response.

Baumgardt (1990) compared the incoherent beams of one of the Novaya Zemlya events

(May 7, 1988) with the NORESS and ARCESS recordings of the same event and showed that an

Lg phase with amplitude above the Sn amplitude is observed at the Graefenburg sensors.

Furthermore, the Lg appears to arrive somewhat late, at a group velocity of about 3.3 km/sec

instead of the usually observed 3.5 km/sec group-velocity time. The incoherent beams for other

Novaya Zemlya events recorded at the Graefenburg array, plotted in Figure 1-13, show the same

general feature, although the onset of Lg for most of the events is emergent and not as clear as it is

for the May 7, 1988 event. The beginning of the Sn energy is also quite emergent with no clear
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FIGURE 1-13: Logged incoherent beams for the Novaya Zemlya explosions
recorded at the Graefenburg array.
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onset. The Sn coda also appears to gradually increase with time to the peak Lg amplitude, with

only a slight break in the trend which seems to correspond to the Lg onset time.

Thus, we conclude that, although Lg appears to be blocked to the Norwegian arrays such

that the on-time Lg has energy less than the maximum Sn energy, Lg energy of some kind does

appear to get through to the Graefenburg array at about the time expected for on-time Lg. This

implies that the path to Graefenburg from Novaya Zemlya does not pass through the same kind of

blocking structure in the Barents Sea as does the paths to the Norwegian arrays. Baumgardt

(1990) suggested, based on analysis of a geologic cross-section through the Barents Basin

structure, that the sediment thickness variations may not be as great along the Novaya Zemlya-to-

Graefenburg path as they are along the path to the Norwegian arrays. However, the intense Sn

coda and the lack of a clear Lg onset at Graefenburg suggests that there is still intense scattering of

Sn and Lg along the Novaya Zemlya - to - Graefenburg path if not outright blockage of Lg.

1.4 FREQUENCY-WAVENUMBER POLAR-SCAN ANALYSIS OF ARCESS
DATA

As a further check on the identification of the Sn and "early Lg" waves at ARCESS,

continuous frequency-wavenumber (FK) analysis was applied, using the methods described by

Baumgardt (1990). Continuous FK analyses of the "early Lg" arrivals at NORESS, displayed in

Baumgardt (1990) as "FK polar scans," confirmed that these arrivals had apparent phase velocities

consistent with those expected for an Lg phase. In the present study, we have done the same

analysis to the secondary pulse in the Sn coda at ARCESS.

Broadband FK spectra (Kvaerna and Doornbos, 1986) were computed in adjacent, two

second windows shifted over a time period which encompassed the shear waves. For each FK,

the F- statistic, apparent velocity, and azimuth of the FK peak were determined and stored. The

broadband FK was computed for the 0.7 to 1.3 Hz band in all cases.
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The F- statistic, first developed by Shumway (1974) and applied by Blandford (1974) to

array data, gives a measure of the significance of the FK peak or the coherence of the signal.

According to Blandford (1974), the F- statistic is defined as follows:

=(N -1) ((S5)2)
N ((Si 2) N )2 )

where N is the number of channels used in the FK and Si is the maximum power in the FK for the

i 'th time window. The numerator in the above expression is essentially the beam power at the

velocity and azimuth of the arrival, which is the FK maximum power, and the denominator is the

difference in the beam (or FK maximum) power and the average power in each channel. In

essence, the F- statistic can be thought of as the ratio of the coherent power to the incoherent

power. If the signal is coherent, the FK maximum power will be large and the denominator term

will be small and the F value will be very large.

The F value, defined above, statistically follows the F distribution with N1 and N2 degrees

of freedom, under the assumption that (1) the signals are identical on each channel and (2) that the

noise is statistically independent, has a normal distribution, and has a stationary auto-correlation

function. The numerator number of degrees of freedom, N1, is 2BT, where B is the signal

bandwidth and T is the time window length. The denominator number of degrees of freedom

term, N2, is (N - 1) NJ, where N is the number of channels. With N = 25, T = 2 seconds, and B

= 0.6 Hz, since the FK is done in the 0.7 to 1.3 Hz band, this gives N1 = 2 and N2 = 48. From

an F distribution table, this gives an F value of about 5 at the 99% confidence level. This means if

the F value of the maximum peak in FK space exceeds 5, the signal can be considered to be

coherent at the 99% confidence level.
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Generally, we have observed that the background noise at ARCESS and NORESS to have

F values of between 3 and 5 in the 0.7 to 1.3 Hz band, which is consistent with the statistical

argument above. Most signals have F values of much in excess of 5 to 10, depending on the

signal-to-noise ratio. Taking the conservative approach in looking for coherent signals in the Sn

coda, we use 30 as the minimum F- statistic for a signal.

Figure 1-14 shows an FK "polar scan" for the first pulse of the Sn wave for the October

24, 1990 event recorded at ARCESS. The FRAO channel waveform for this event, which was

recorded by the center short-period sensor at ARCESS, is shown plotted at the top of the display.

The bracket on the waveform, indicating the time from 122 to 134 seconds, corresponds to the first

Sn wave packet for which the continuous FK analysis was applied. The polar plots at the bottom

show the velocity and azimuth of the FK measurements in this time period. The distance out from

the center of the polar plots gives the velocity and angle from the vertical (0 to 180) axis gives the

azimuth. The expected azimuth of the event is shown by the line. The symbol sizes on the polar

plots are proportional to the time into the window (time-proportionate), on the left plot, and the F-

statistic (F- proportionate), on the right plot, as shown in the two legends. Only FK results where

the F- statistic exceeded 30 are plotted.

Figure 1-14 shows that only two windows exceeded the F- statistic threshold of 30, both

th phase velocity greater than 4.5 km/sec, as expected for Sn type energy, and arrives on the

azimuth of the event. The most coherent measurement, which had an F- statistic of greater than

60, is for the earliest arrival in the window.
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Figure 1-15 shows the measurements for the window on the second energy packet, which

might be the early Lg. In this window, coherent energy can be observed with velocities near 4.0

km/sec, which is the phase velocity expected for Lg waves. The most coherent energy arrives

essentially on azimuth. These results are consistent with this second energy packet being an Lg

type mode. However, the energy arrives too early for it to have a group velocity near 3.5

km/sec,which is expected for direct Lg.

Figures 1-16 and 1-17 show the same measurements on the December 4, 1988 event. In

this case, as before, the most coherent arrivals in the first window in Figure 1-16 come in early and

have velocities near 5.0 km/sec, again consistent with this being the first arrival Sn wave. The

second wave packet in Figure 1-17 has velocities near 4.5 km/sec.

These results show that the most coherent arrivals in the first wave packet have phase

velocities between 4.5 and 5.0 krn/sec, which is what is expected for Sn. Energy in the Sn coda

and the second wave packet after the Sn onset seem to have somewhat lower velocities. Thus, the

FK measurements on the second wave packet are generally consistent with this arrival being an Lg

phase, which arrives early. This separation in phase velocity is not as distinct as it was for the

NORESS data, discussed by Baumgardt (1990). These FK results by themselves do not prove

unequivocally that the second wave packet at ARCESS is an "early Lg" produced by a coherent

conversion at the Barents Sea - Kola Peninsula interface. However, given that the distance of

ARCESS from the probable conversion point (about 100 kin) is much shorter than that of

NORESS, we might not expect much difference in the velocity of Lg and Sn. However, the Sn

coda does appear to be composed of a mixture of Sn and Lg type modes, based on the velocities,

albeit most of the energy has low coherence. Because this energy comes in at times much earlier

than that expected for on-time Lg, all this early Lg type energy may come from scattering of Sn.
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1.5 COMPARISON OF ARCESS - NOVAYA ZEMLYA AND NORSAR - KOLA
EXPLOSIONS - EVIDENCE FOR LG BLOCKAGE

As a final, striking illustration of the Lg blockage in the Barents Sea, we compare the

recordings of a Novaya Zemlya explosion, recorded at ARCESS, and the Kola Peninsula

explosion, recorded at NORSAR. These two events were recorded by two different sensors at two

very different times. 1-owever, they are interesting to compare because they give a direct

indication of the effect of the Barents Basin on Lg propagation.

Figure 1-18 compares the great-circle proppgation paths for Lg from these two events to the

two arrays. The two great circle propagation paths are nearly the same distance and, in fact, are

nearly parallel. However, the Barents Sea constitutes most of the propagation path from Novaya

Zemlya to ARCESS. The path from the Kola Peninsula to NORSAR does cross the northern tip of

the Gulf of Bothnia, but most of the path is continental.

Figure 1-19 shows the waveforms for the two signals, plotted as a record section. The top

trace is the ARCESS FRAO recording of the December 4, 1988 Novaya Zemlya event and the

bottom trace is the center NORSAR NO1A recording of the September 4, 1972 PNE on the Kola

Peninsula. The NORSAR waveforms were sampled at 20 samples/second, whereas the ARCESS

waveforms were sampled at 40 samples/second, and they have different short-period instrument

responses, as discussed above. However, because both waveforms have been filtered in the 0.6 to

3.0 Hz frequency band, these differences in instrument characteristics should not affect in a major

way the relative amplitudes of the regional phases. The Kola explosion had a magnitude of 4.6

(Table 1) whereas the Novaya Zemlya explosion had a much larger magnitude of 5.7. Because of

this difference in magnitude and instrument response, the NORSAR trace amplitudes were scaled

by a factor of three relative to those of the ARCESS Novaya Zemlya explosion so that their Pn

wave amplitudes were nearly the same.
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FIGURE 1-18: Map showing comparison of the propagation path from the Kola
PNE to NORSAR and the Novaya Zemlya region to ARCESS. Both paths are
nearly parallel and have similar distance.
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Comparison of the two waveforms in Figure 1-19 shows that the relative Pn and Sn

amplitudes are about the same. However, the most striking difference is that the Kola PNE

produced a strong Lg signal at NORSAR, whereas no such signal was recorded by ARCESS from

the Novaya Zemlya explosion. Moreover, the Pn coda levels appear to be higher, compared with

the maximum Pn amplitude, on the ARCESS seismogram than on the NORSAR seismogram.

This comparison shows that the disappearance of Lg at ARCESS is unusual for

Scandinavia, given the excellent propagation conditions of most events in the region, and confirms

that the Barents Sea is a major block to Lg propagation. Furthermore, the increased coda levels for

the ARCESS recordings of the Novaya Zemlya explosions indicates that there may be significant

scattering from the structure along with the blockage of Lg propagation. In the next section, we

consider in more detail the geology of the region and offer an explanation for the blockage and

scattering of Lg in this structure.

1.6 GEOLOGICAL EXPLANATION FOR THE BARENTS SEA LG

BLOCKAGE

Explanations for Lg Blockage

A number of suggestions have been made for the causes of Lg blockage in the Barents Sea.

As summarized by Baumgardt (1990), they include:

(1) Variations in crustal thickness.

(2) Scattering from tectonic boundaries.

(3) Strong anelastic attenuation in upper-crustal sediments.

(4) Lack of an upper-crustal "granitic layer."
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The first explanation was first posed by Ruzaikin et al (1977) in order to explain the

inefficient propagation of Lg in the Tibetan Plateau. The region was known to have unusually

thick (up to 70 kin) crust due to the convergent type tectonics of the region. Kennett et al (1985)

also suggested that Lg propagation across the Norwegian Sea might be blocked by a region of

crustal thickening beneath a graben structure. The second explanation has been invoked by a

number of investigators who have used the efficiency of Lg propagation as a method for mapping

tectonic boundaries (e.g., Kadinsky-Cade et al, 1981; Ni and Barazangi, 1983). Baumgardt

(1985, 1990) has provided evidence for Lg scattering in the Ural Mountains, which is believed to

be a collisional suture zone and appears to partially block the propagation of Lg waves from the

Semipalatinsk test site in eastern Kazakh to the ARCESS array. Mitchell and Hwang (1987) have

suggested that the attenuation of Lg may be strongly affected by low Q sediments, which are

known to be present in the Barents Basin (Chan and Mitchell, 1985). Finally, the "missing

granitic layer" explanation originates from the idea that such a layer is essential to provide the

waveguide for Lg propagation, which is only observed in continental regions. Piwinskii (1981)

has explained the poor propagation of Lg in the Caspian Sea region of the Soviet Union in terms of

an implied "missing granitic layer," which has been reported in the Soviet geophysical literature for

the Caspian Sea sedimentary basin.

Geology of the Barents Sedimentary Basin

The geological and tectonic strucre of the Barents Sea region has been of great interest

because of its economic importance. Clark and Rachlin (1990) have given a detailed description of

the region, gleaned from publications in the Soviet geological literature. They report one geologic

map, originally published by Gramberg (1988) and shown in Clarke and Rachlin (1990) and

Baumgardt (1990).
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Baumgardt (1990) has pointed out that any of the Lg blockage explanations could be

invoked to explain the Lg blockage in this region. The basin is characterized by crustal thickness

variations, sediment accumulations as great as 15 kin, and regions of "missing granitic layer,"

which are the stippled regions in Figure 1- 20. Clark and Rachlin (1990) report that this structure

is based on lows in magnetic anomalies, due to the missing granitic layer, and gravity highs caused

by the elevation of the Moho. Seismic studies have reported that the granitic layer, characterized

by P-wave velocities on the order of 6.0 to 6.5 km/sec, has been replaced by lower velocity

sediments, with velocities of 4.0 to 4.5 km/sec. The parallel lines on the map indicate regions

where there is a complete lack of sediments. These include the coastlines of the island of Novaya

Zemlya and the Kola Peninsula.

Figure 1-20 shows that all three propagation paths pass through the region of missing

granitic layer and crustal thinning. The paths to ARCESS and NORESS pass through the middle

of the eastern Barents Basin, whereas the path to Graefenburg passes through the southeastern part

of the basin. Baumgardt (1990) has suggested that the extreme lateral heterogeneity of the

sediment thicknesses in the region, where the depths to basement vary from 0 km at Novaya

Zemlya, 15 km in the basin itself, and 0 km again on the Kola Peninsula over a distance of about

600 km, may be a partial cause of the Lg blockage in the basin. These variations may cause the Lg

waveguide to breakdown, and scattering may be enhanced by the presence of large, lateral

variations in crustal velocity. The greatest effects are felt by the Lg waves which propagate toward

ARCESS and NORESS through the middle of the basin. The lateral heterogeneity may be less

extreme along the path from Novaya Zemlya to Graefenburg, which passes more through the

southeastern end of the basin.
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Crustal Cross-Sections

In order to more closely examine the possible propagation path effects, approximate crustal

cross-sections for the great-circle propagation paths from Novaya Zemlya to the Norwegian arrays

and the Graefenburg array were generated. A 5' by 5' digital topographic database, ETOPO5, was

used to generate the topographic cross-section for the great circle path from a source to a receiver.

The great circle path was computed through the ETOPO5 database grid, and the elevation for

points along the great circle which fall between grid points was computed by interpolation. The

crustal depth was then inferred from the topographic cross-section by assuming that the

topographic variations were compensated by the Airy isoztatic cornpensation m"&dl.

Figures 1-21, 1-22, and 1-23 show the inferred crustal cross-sections for the three paths,

Novaya Zemlya to ARCESS, NORESS, and Graefenburg, respectively. The top plots in each

figure are the elevations, in meters, obtained for the great circle path from Novaya Zemlya to the

receiver exterding out to a maximum of 2500, 3,000 and 4,500 km from the array. The horizontal

axis shows th, distance from the array, with the array located at 0 km on the left edge of the plot.

The triangles 3,, each plot, labelled "Novaya Zemlya," give the location of the northern test site, in

a region called Matochkin Shar. The vertical elevation scale on each plot is the same, ranging from

400 m below sea level to 2000 m above sea level. The bottom plots give the inferred crustal cross-

section. Also shown on the bottom plots is the inferred depth of the sediments in the part of the

basin traversed by the path. The sediment thickness estimates are very approximate, since the

studies of Gramberg (1988) and Clarke and Rachlin (1990) do not give complete lithographic maps

of the sediments in the basin. They were primarily inferred from Figure 1-20, which shows the

regions where there are no sediments, and the NW-SE cross-section through the southern Barents

Basin shown in Gramberg (1988) and reproduced by Clarke and Rachlin (1990) and Baumgardt

(1990).
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FIGURE 1.21: Crustal cross-sections for the path from Novaya Zemlya to
ARCESS. Top: Elevation cross-section, from ETOPOS. Bottom: Inferred depth
of sediments, from Clarke and Rachlin (1990) and Moho depth for 100%
compensation of surface topography.
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FIGURE 1-22: Crustal cross-section for the path from Novaya Zemlya to
NORESS.

41



Novaya Zemil 9a Source Re 9 1 on~
Oraefenbur9 Recei ver Regi on

0
rVI I I

C

E

KocPnnua ~ oBaZm~

-

Sea Level'-
0 Barents Basin

Terrigenous Sediments

-r

U Inferred Mobo

0%0 7bO. I boo. 2250. 3000. 3750. 1,500.
Distance (kin)

FIGURE 1-23: Crustal cross-section for the path from Novaya Zemlya to
Graefenburg.

42



All three plots show that Novaya Zemlya is an island which stands about 500 m above sea

level. The explosions occur in a region called the Matochkin Shar, which is located behind a tall

ridge. In the case of the paths to ARCESS and NORESS in Figures 1-21 and 1-22, the elevation

falls quickly to the south of the ridge into the Barents Basin, which has a gradual slope to its

deepest depth of below 300 m beneath sea level. For the path to Graefenburg in Figure 1-23, the

depth and width of the Barents Sea is not quite as large as it is for the ARCESS and NORESS

paths, although the sea bottom seems to be somewhat undulatory. For all three paths, a very sharp

increase in elevation marks the interface between the Southern Barents Basin and the Kola

Peninsula.

The inferred Moho depths, shown on the bottom plots, assumed a crustal density of 2.67

g/cm 3 , a mantle density of 3.27 g/cm 3 , and an average crustal thickness, for sea level, of 40 km.

The surface elevation was assumed to be completely compensated to obtain a change of Moho

depth from 40 km to 30 km below the Basin, as has been reported in the Soviet literature based on

seismic and gravity data and shown in Figure 1-20. The crustal depth variations were not

smoothed so that the roughness of the Moho near 1100 km distance is purely a manifestation of the

elevation variations of Novaya Zemlya and is probably not real.

For the paths to ARCESS and NORESS, sediment thicknesses of greater than 15 km are

indicated in the same part of the structure where there is a 10 km elevation in the Moho depth. This

reflects the general view of the basin portrayed in the Soviet geological literature, according to

Clarke and Rachlin (1990). The terrigenous sediments replace the granitic layer, which is present

beneath Novaya Zemlya and the Kola Peninsula. Based on seismic profiles of the Basin, the

sediment compressional velocities range from 3.9 to 5.5 km/sec in the sediments in contrast to the

6.0 to 6.5 km/sec velocities in the granitic layer, which would correspond to shear wave velocity

contrasts of 2.2 to 3.17 km/sec for the sediments and 3.46 to 3.75 km/sec for the granitic rocks.

This contrast in velocities produces strong impedance contrasts at the boundaries of the Basin and
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thus, seismic energy which propagates into the Basin may be captured and attenuated by repeated

reverberations within the Basin.

Figure 1-21 shows that the distance of ARCESS from the Barents-Kola interface is about

250 km. We argued earlier that the Sn phase might convert to Lg at this interface, producing the

"early Lg" at ARCESS. Assuming a group velocity of 4.5 km/sec for Sn and 3.5 km/sec for Lg,

this would imply that the Sn-to-Lg conversion should arrive about 15 seconds after the onset of

Sn. This is consistent with the time interval of the second wave packet, or "early Lg," which can

be observed at ARCESS (See Figures 1-6 and 1-14 through 1-17). Figure 1-22 shows that the

distance of this interface from NORESS is about 1400 km, or about 130, which implies that the

mode converted Lg should lag Sn by 110 seconds, as shown in Figure 1-3. This is again

consistent with the observations at both NORESS and NORSAR.

The cross-section from Novaya Zemlya to Graefenburg in Figure 1-23 shows a thinner

sedimentary layer than for the paths to ARCESS and NORESS. This inference is based on the

Barents Sea cross-section of Gramberg (1988), which shows substantially reduced sediment

thicknesses and the presence of a granitic layer to depths of 15 km in the southeastern part of me

Basin, the region crossed by the great-circle path to Graefenburg. The rest of the path to

Graefenburg crosses the elevated regions of the Kola Peninsula, Scandinavia, and the depressed

region of the Baltic Sea. However, the crust beneath the Baltic Sea is continental with no major

sediment accumulations, like those found in the Barents Sea.

Based on this analysis of crustal cross-sections for the Lg propagation paths from Novaya

Zemlya to the ARCESS, NORESS, and Graefenburg arrays, we conclude that the main cause of

the Lg blockage in the Barents Sea, for the paths to the Norwegian stations, is the presence of thick

sediment accumulations in the sedimentary basin beneath the southern part of the Barents Sea. The

15 km of low-velocity sediments, which replace the granitic layer in the region of the
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ARCESS/NORESS paths, traps all the seismic energy which propagates in the continental granitic

layer. Since Lg is commonly believed to be composed of shear modes which propagate along the

granitic layer waveguide, the presence of a deep sedimentary basin will substantially disrupt this

waveguide by trapping and scattering the various shear modes which compose the Lg wavetrain.

Because the sediment thicknesses are significantly less and the basin, in general, is shallower along

the Novaya Zemlya to Graefenburg path, there is less blockage of Lg along this path, as has been

observed.

Although Lg is better observed at Graefenburg than at either ARCESS and NORESS, in

spite of much longer propagation path to Graefenburg, a significant amount of coda energy, both

after ? and after Sn, is still apparent. The coda may be generated by scattering of the crustal

guided phases, primarily Sn and Lg, from the geological and topographic heterogeneities along the

path. For example, Figure 1-23 shows that the Kola Peninsula stands high along the path to

Graefenburg and this structure can scatter both Sn and Lg energy which gets through the Barents

Basin. Both shear modes, Sn and Lg, can interconvert to each other as well as forward scatter into

Pn and P modes, thus building up the pre-Sn coda. Figure 1-13 shows that the Sn coda builds up

after the onset of Sn, and that "early Lg" energy, produced by scattering at the Kola Peninsula

interface, may be present at Graefenburg. Thus, the Lg recorded by Graefenburg, although not

completely blocked, has still probably undergone considerable scattering from the various lateral

heterogeneities along the path.

It should be noted that we expect that Lg should be better observed from Novaya Zemlya at

two other regional arrays, FINESA and GERESS, because the propagation paths across the

Barents Sea to these two arrays are essentially the same as those to the Graefenburg array. In a

preliminary report about Lg waves recorded at the regional arrays, Ringdal (1990) shows a plot

(Figure 7.1.6) of recordings at the FINESA and GERESS arrays of the October 24. 1990

explosion along with the ARCESS and NORESS recordings that we have studied. A small pulse
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can be seen in the later part of the Sn coda at FINESA at the time expected for Lg, which is small,

but at least larger than what is observed at ARCESS and NORESS. The recording at the GERESS

array is very similar to what we observe at Graefenburg, in which these two arrays are located

close to each other. As expected, on-time Lg seems to be better recorded at FINE3A and GERESS

than at ARCESS and NORESS.

Ray Tracing Calculations

In trying to explain the blockage of Lg in the Barents Sea, it is necessary to account for the

observation that Lg waves are blocked, but Sn waves seem to propagate freely through the region.

Baumgardt (1990) has argued that Lg primarily propagates in the upper crust and is sensitive to

lateral heterogeneities in the upper crust. For this reason, variations in the depth of the Moho

should not affect Lg. Thus, whatever blocks Lg must exist in the upper crust. Since Sn primarily

propagates as a diving wave in the upper mantle, it is not affected by the upper crustal effect and is

not blocked.

Two-dimensional ray tracing was done to better elucidate the affects of a sedimentary basin

on the propagation of Sn and Lg. We use the method of Kennett (1986) where the interaction of

Lg with structural boundaries is modeled by tracing S type rays through the two-dimensional

structure. The phase velocity of the wave is the horizontal component of shear wave velocity in the

upper layer of the velocity model, which is controlled by the shear wave velocity in the layer and

the takeoff angle of the ray from the source. We assume that the phase velocity is about 4.5 to 5.0

km/sec for Sn and 4.0 to 4.5 for Lg. The group velocity is the distance that the wave traverses

divided by the travel time. Group velocities are about 4.5 km/sec for Sn and 3.5 km/sec for Lg

waves.
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A sedimentary basin, similar to the Barents Basin, is modeled as an inverted trapezoidal

structure, whose top width is 5000 km and bottom width is 2000 km. The basin is assumed to be

filled with sediments reaching a maximum depth of 15 km. The shear-wave velocities inside the

basin are assumed to be 2.6 km/sec at the top which gradually increase to about 3.46 km/sec at the

bottom and sides of the basin. Assuming a Poisson solid, these velocities correspond to

compressional velocities of 4.5 km/sec in the sediments and 6.0 km/sec at the sides of the basin.

The velocities in between are interpolated by cubic splines. The velocities outside the basin in the

granitic layer are assumed to be 3.46 km/sec. The rest of the model is assumed to be a normal,

continental type structure, with two layers in the crust overlaying the mantle. The details of this

model are given in Table 3.

In the ray tracing calculations, the source is assumed to be located on the left side of the

structure, about 500 km from the upper comer of the basin, and the rays travel from left to right.

The receiver is assumed to be located somewhere on the right hand side of the structure outside of

the basin. This approximates the situation of the Novaya Zemlya to ARCESS path. The ray-

tracing calculations were made using RAY81 (Cerveny et al, 1977).

Figure 1-24 (a) and (b) contrasts the propagation of an Lg type ray in a structure without

and with the sedimentary basin, respectively. As shown in Figure 1-24 (a), simple shear wave

reverberation in the granitic layer of the laterally homogeneous structure produces the combination

of phase and group velocity expected for Lg. Shear waves which propagate into the lower crust

below 15 km, with phase velocity of 4.0 km/sec, would have a group velocity of 3.73 kn/sec (see

Figure 1-27 (a)), which is faster than is expected for Lg. Although other combinations of

reverberations may produce velocities close those expected for Lg, shear wave reverberations in

the granitic layer of the crust have phase and group velocities most consistent with those expected

for Lg.
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TABLE 3

CRUSTAL MODEL FOR TWO-DIMENSIONAL RAYTRACING

Laterally Homogeneous Model

Depth Range (kmn) Velocity Range (km/sec)

0-15 3.46-3.75

15-45 3.75-4.04

45 - 100 4.68 - 4.85

Laterally Heterogeneous Model

Det lm elocity (krn/sec

Horizontal Distance (x 1000 kIn)

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4

0.0 3.58 3.58 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 3.58 3.58

5.0 3.63 3.63 3.63 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 3.63 3.63 3.63

10.0 3.70 3.70 3.70 3.70 2.89 3.18 3.18 3.18 3.18 3.18 2.89 3.70 3.70 3.70 3.70

15.0 3.75 3.75 3.75 3.75 3.75 3.46 3.46 3.46 3.46 3.75 3.75 3.75 3.75 3.75 3.75
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Figure 1-24 (b) shows that the presence of the sedimentary basin in the structure severely

disrupts the pattern of propagation of the reverberations in the granitic layer. One effect is that the

waves which propagate into the basin are bent upward by the velocity contrast between the granitic

velocities outside the basin and the slower, sedimentary velocities inside the basin. Another is that

the rays become trapped in the upper layers of the structure. The waves are then guided by the

slower velocities in the upper part of the basin structure until they arrive at the other side of the

basin. After they emerge back into the homogeneous structure, they have been considerably

slowed down. In this case, the group velocity would be reduced almost by half. Furthermore, the

original phase velocity has been greatly altered because of the dipping interfaces between the basin

structure and the surrounding homogeneous structure. For the model in Figure 1-24(b), the S

wave reverberations, which start out with Lg phase velocities, have been converted to rays with

phase velocities near 9 krm/sec. These phases may become Sn type modes or convert to P waves.

Thus, this mechanism might explain how Lg waves scatter into P and Sn coda waves.

As shown in Figure 1-24, the effect of the basin structure on Lg is that it is captured in the

upper layers and that "on-time" Lg is essentially delayed to much later times. Because of the

repeated reverberations in the upper layers and the likely lower Q in these layers, the original Lg

waves would be severely dissipated. Whether the Lg is completely dissipated or not depends on

the dimensions of the basin through which the Lg waves must propagate. The most likely result

would be that the Lg modes, instead of arriving as a distinct arrival, would be spread out into long

coda with amplitudes which diminish with time. This example shows that it is lateral heterogeneity

in the upper crust that is required to block the propagation of Lg, and that effects in the lower crust

or at the Moho would have little effect on Lg, assuming is is primarily composed of shear wave

reverberations in the upper crust.

Two examples of Sn type propagation are shown in Figure 1-25, which models Sn as

diving wave in the lower crust and upper mantle. No attempt has been made to model decreased
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depth of the Moho, which has been observed in the Barents Basin. However, Figure 1-25 makes

clear that Sn would not be greatly affected by such an effect, since it is mainly controlled by the

structure of the upper mantle, although Moho depth variations may change the group velocities of

Sn modes which bounce off the bottom of the Moho. Also, the Sn wave would propagate below

the sedimentary basin and be totally unaffected by it.

Figure 1-26 shows another type of Sn propagation which might be affected by the presence

of the basin. Shear-wave reverberations which involve the entire crust would produce group

velocities of about 4.1 km/sec which are on the lower end of the range expected for Sn. As shown

in Figure 1-26 (b), this mode would propagate into the basin structure. However, because of the

high phase velocities of these Sn modes and steeper angles of incidence, they are not captured by

the basin and essentially propagate through the structure with virtually no effects.

1.7 CONCLUSIONS AND RECOMMENDATIONS

The main objective of this study has been to further analyze and explain the poor

propagation of Lg from Novaya Zemlya to the Norwegian arrays, which was first pointed out by

Baumgardt (1990). This poor Lg excitation is not an expected feature of regional propagation in

Scandinavia, since strong Lg is observed for other paths at comparable distances. Most of the

evidence points to the Barents sedimentary basin as the cause of the Lg blockage from Novaya

Zemlya. We have presented a model which explains Lg blockage by the sedimentary basin

capturing and delaying the Lg modes and their amplitudes being reduced by repeated reverberations

and scattering within the basin.
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The ray tracing study only gives a first order representation of the propagation of Lg

through the sedimentary basin. Only the primary rays, i.e., shear waves which reverberate in the

crustal granitic layer, were included in the ray tracing. Actual Lg waves consist of many such

rays, and undoubtedly some may follow paths which do not pass through the heterogeneous

structure. A true modeling of Lg should include all possible rays, which would probably show

that some of the Lg energy can propagate through the heterogeneous structure. The incoherent

beam analysis of the Novaya Zemlya events has, in fact, shown that the coda shapes flatten at the

expected time of the onset of on-time Lg so that Lg is not completely blocked. However, the ray

plots of the primary rays represent the paths traversed by most of the Lg energy, and they will

clearly be diverted by the sedimentary basin along the path.

Another assumption made in the interpretation of the Barents Sea Lg blockage is that Lg

propagates primarily along the great-circle path from the source to receiver. Our FK analyses of

Lg waves at the regional arrays, both in this study and in Baumgardt (1990), showed most of the

energy in the Sn wave train arrives at the array on the expected azimuth of the event, indicating that

this energy follows the great-circle path. However, the FK analysis of weak Lg arrivals at

NORESS by Baumgardt (1990) showed that much of the late Lg arrivals (i.e., Lg coda waves)

were coming in off azimuth, mainly more to the east than the expected azimuth of Novaya Zemlya

relative to NORESS. This result indicates that Lg energy has been diverted around (multi-pathed)

to the east, possibly by the sedimentary basin itself, and arrives late because of the longer

propagation paths. This would further reduce the energy of the on-time Lg arrivals, which would

be delayed and spread out in time in the Lg coda. Such an analysis has not yet been done for the

presumed ARCESS Lg arrivals, primarily because they were so weak.

Finally, the question of the utility of Lg for yield estimation and event identification at

Novaya Zemlya must be addressed. These studies indicate that Lg yield estimation at Novaya
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Zemlya may be limited with the Scandinavian arrays. The blockage and scattering of Lg would

definitely make absolute yield estimation impossible, unless corrections could be determined for

the amount of amplitude reduction due to the blockage. Corrections may be derived from empirical

studies, such as those described in the next section, but more studies would be required. Modeling

may give some estimates of the amount of energy lost by Lg at a sedimentary basin, but precise

knowledge of the model parameters would be required. These parameters would have to be

known three-dimensionally, because of the observation of extreme multi-pathing in the region.

Moreover, techniques for synthesizing Lg in three-dimensional media have not yet been developed

and would probably be difficult given current processing resources.

Although absolute Lg yield estimation may not be possible, Lg could provide precise

relative yield estimates, since Lg type energy can be observed at the Scandinavian arrays from the

test site with high signal-to-noise ratio, largely because of the close proximity of the sensors to

Novaya Zermlya. Stronger Lg waves have been observed at the Graefenburg array, and the

preliminary results of Ringdal (1990) indicate that stronger Lg waves are seen at the GERESS,

located near Graefenburg, and the FINESA array. Assuming all events are located at the same test

site and calibration shots with known yields are available, the observed Lg waves, including

possibly the "early Lg" waves, may provide the same kind of relative yield estimation stability that

has been observed for other test sites in the Soviet Union (Hansen et al, 1990).

However, the caveat which must be considered is that all the Lg waves from Novaya

Zemlya are considerably scattered, including those observed at Graefenburg array. There is some

preliminary indication that the relative amplitude of "early Lg" compared to the P coda at both

ARCESS and NORESS may depend on the precise location of the explosions along the Matochkin

Shar. This may indicate that even small perturbations in the propagation path, due to differences in

location of the explosions, may cause significant variations in the nature of the scattering of Lg that

cause observable amplitude variations.
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With respect to event identification, this study has shown that amplitude ratio

discriminants, like the P-to-Lg ratio, would clearly identify the Novaya Zemlya explosions as

"explosion." However, this ratio would be much greater than may be observed from other

explosions over the same distance, but without Lg being blocked. Thus, in the case of Novaya

Zemlya, path effects would greatly obscure any source effects that might be used for

discrimination. As the results of the next study will show, other explosions can generate much

greater Lg energy, compared to the P wave energy, than those at Novaya Zemlya.
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2.0 SEDIMENTARY BASIN STRUCTURES AND THE BLOCKAGE AND

SCATTERING OF LONG-RANGE LG WAVES FROM NUCLEAR EXPLOSIONS

IN THE SOVIET CRATON

2.1 INTRODUCTION

Complete knowledge of the efficiency of Lg propagation across the entire continental craton

of the Soviet Union is required to make effective use of the phase for yield estimation and

discrimination. The results of the Novaya Zemlya study of the last section have shown how Lg

waves are blocked by laterally heterogeneous structures like the Barents Sea sedimentary basin.

The question we address in this section is whether other blockages of this type occur in other parts

of the Soviet Union.

The earliest view of how Lg propagation can be blocked is the presence of 100 km or more

of oceanic crust along the propagation path (Ewing et al, 1957). This seemed to be supported by

the fact that Lg wave propagation is not observed in oceanic basins. Other investigators (Ruzaikan

et al, 1977; Kadinsky-Cade et al, 1981; Ni and Barazangi, 1983; Kennett et al, 1985) have

suggested that Lg blockages in the continents result from lateral heterogeneities throughout the

entire crustal structure. The inefficient or lack of Lg propagation in southern Eurasia has largely

been attributed to extreme variations in crustal thickness and high anelastic attenuation. However,

in the previous section, it was shown how Lg amplitudes are affected by the geological

heterogeneity along the propagation path and that sedimentary basins can capture and block Lg

propagation. Knowledge about the presence of such structures along the propagation path and

how they affect Lg is essential whenever Lg amplitude measurements are used for discrimination

or yield estimation purposes.
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Most previous studies have concentrated on the propagation of Lg in the southern parts of

the Soviet Union, in the region of Tibet, Pamirs, and Hindu Kush. Fewer studies of Lg

propagation have been done in the northern and western parts of the Soviet Union because of the

lack of station coverage in this region. However, it has been found (e.g., Bath, 1954; Baumgardt,

1985) that Lg waves propagate to great distances from Eurasian events to Scandinavian seismic

stations, which suggests that propagation in this region may be very efficient.

In this section, the long-range propagation of Lg to the Scandinavian arrays from events in

the Soviet Union is examined. This data is interpreted using the geological cross-section method

applied in the previous section to the interpretation of Lg blockage from Novaya Zemlya. This

study will again show that geological heterogeneity, particularly the replacement of the granitic

layer by lower velocity sediments in continental sedimentary basins, is the primary feature

responsible for the partial or complete blockage of long-range propagation of Lg in the platform

regions of the Soviet Union.

The results of this study provides a means for knowing whether or not Lg amplitudes have

been reduced beyond that expected from anelastic attenuation. Because Lg primarily propagates in

the upper layers of the crust and because Lg blockages are mainly caused by upper crustal

geological heterogeneities, it may not be necessary to know the entire crustal structure in a region

to determine Lg propagation efficiency. All that may be required is knowledge of variations in the

upper crust, which can be obtained from surface and subsurface geological studies, and other

geophysical information, such as deep seismic sounding velocity profiles. Ultimately, it may be

possible to devise methods for correcting Lg amplitude measurements for the effects of known

geological blockages, based on information obtained from geological and geophysical studies, in

addition to corrections for anelastic attenuation determined from seismological studies.
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2.2 APPROACH

Source-Receiver Propagation Paths

To study the effects of geological heterogeneity on Lg propagation, the geological

characteristics of the propagation paths from the presumed nuclear explosions, mostly peaceful

nuclear explosions (PNEs) in the Soviet Union, to NORSAR, NORESS, and ARCESS have been

examined in detail. The events analyzed in two previous studies (Baumgardt, 1985b; Baumgardt,

1987) have been re-examined. The epicenter parameters of the events are given in Table 4.

Figure 2-1 shows a summary geologic/tectonic map of the Soviet Union, derived from

Watson (1976), which shows the propagation paths for the Lg waves which have been studied.

Most of the central and northern areas of the Soviet Union have been classified tectonically as a

combination of Precambrian shield, in the west, Phanerozoic platform in the main part of the

craton, exclusive of the Urals, including the Soviet Platform west of the Urals and the Siberian

Platform east of the Urals, and Phanerozoic orogenic belts, which encompasses most Ural

mountain block. As shown in Figure 2-1, there are several sedimentary basins which are traversed

by the paths, most of which are located in the southern regions and around the Ural mountains.

For the purposes of geological characterization, each of the source receiver paths have been

grouped in 10 categories, with designations and abbreviations given in Table 4 and the paths are

labeled with the abbreviations in Figure 2-1. These include the following:
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TABLE 4

Event Parameters for Specific Source-Receiver Paths in the Soviet Craton

ej Time D= U mb L(o)

Northern Russian Platform - NORSAR (NRP-N)

3A 10/04/71 10-00-00.0 61.61N 47.11E 5.1 17.4

Southern Russian Platform - NORSAR (SRP-N)

5A 07/0972 07-00-00.0 49.78N 35.40 4.8 17.7

Northern Urals - NORSAR (NU-N)

2A 07/10/71 17-00-00.0 64.16N 55.18E 5.1 20.5
14A 08/29/74 09-59-55.0 67.23N 62.11E 5.2 22.8
6 08/11/84 18-59-57.8 65.08N 55.28E 5.3 20.3

Siberian Platform - NORSAR (SP-N)

3 10/04/79 16-00-00.0 60.68N 71.50E 5.4 28.7
7 08/25/84 19-00-00.0 61.89N 72.09E 5.4 28.5

Tazovski-Gyda Peninsula - NORSAR (TGP-N)

13A 08/14/74 15-00-00.0 68.91N 75.90E 5.5 27.5

East of the Caspian Sea - NORSAR (ECS-N)

IA 12/23/70 07-00-57.3 43.83N 54.85E 6.6 31.1
Astrakhan 10/08/80 06-00-00.0 46.70N 48.21E 5.2 25.8

Southeast of Southern Urals - NORSAR (SEU-N)

4A 10/22/71 05-00-00.0 51.56N 54.53E 5.2 25.5
8A 11/24/72 09-59-57.8 51.84N 64.15E 5.2 30.1
12A 09/30/73 05-00-00.0 51.60N 54.58E 5.2 25.6

West of Semipalatinsk - NORSAR (WE-N)

10A 08/28/73 03-00-00.0 50.55N 68.40E 5.2 33.0
11A 09/19/73 03-00-00.0 45.64N 67.85E 5.2 36.1

Eastern Kazahk- ARCESS (EK-A)

Semipalatinsk 02/13/88 03-05-05.9 49.95N 78.91 6.1 31.0

Eastern Kazahk -NORSAR (EK-N)

Semipalatinsk 04/25/85 00-57-06.5 49.92N 78.97 5.9 38.1
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(i) Northern Russian platform PNE recorded at NORSAR (NRP-N) - This
path runs from one PNE in the north to NORSAR. The path crosses the
most stable platform region of the Soviet Union and does not cross any
major heterogeneous structure. The White Sea PNE, studied in the
previous section, would also fall under this category.

(ii) Southern Russian Platform PNE recorded at NORSAR (SRP-N) - This path
runs from one PNE in the south to NORSAR. The PNE occurred in the
Donbass sedimentary basin and the Lg crossed the western boundary of this
basin with the Russian Platform.

(iii) Northern Urals PNEs recorded at NORSAR (NU-N) - This category
includes several events which occurred in the northern part of the Soviet
Union in the vicinity of the Ural Mountains. The three events given in
Table 1 all occurred in a sedimentary basin called the Timan-Pechora Basin.

(iv) Siberian Platform PNEs recorded at NORSAR (SP-N) - The paths from
these two events pass across the Ural Mountains and the southern tip of the
Timan-Pechora Basin.

(v) Tazovski-Gyda Peninsula PNE recorded at NORSAR (TGP-N) - This is a
PNE which actually occurred on the Siberian platform but whose Lg waves
pass north of the Timan-Pechora Basin and across the Kara and Barents
Seas.

(vi) East of the Caspian Sea PNE recorded at NORSAR (ECS-N) - The Lg
propagation path crosses the northern part of the Caspian and the Precaspian
sedimentary basin. Also included in this category is an event which
occurred in the Astrakhan region, north of the Caspian, whose Lg
propagation path is almost the same as that from the PNE east of the
Caspian Sea, except that it does not cross the Sea itself.

(vii) PNEs South and Southeast of the Southern Urals recorded at NORSAR
(SU-N, SEU-N) - This includes a group of PNEs which have occurred in
the region of the southern Urals. For those PNEs located on the
southeastern side of the Urals, the Lg waves would have crossed the Ural
Mountains.

(viii) West of Semipalatinsk PNEs to NORSAR (WK-N) - This explosion
actually occurred in the western Kazakh uplands, hence the label WK. The
Lg path to NORSAR crosses the Kazakh uplands, the southern Ural
Mountains, and the sedimentary basins on either side of the Urals before
passing into the Russian Platform.

(viv) Eastern Kazakh explosions to NORSAR/NORESS (EK-N) - This category
includes all the Soviet tests at the Semipalatinsk site which have been
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recorded at NORSAR and NORESS. The Lg paths of these events cross
the southern part of the Ural Mountains.

(x) Eastern Kazakh explosions to ARCESS (EK-A) - This category includes
Soviet tests at the Semipalatinsk site which have occurred since about 1988,
when the ARCESS array began operating. The Lg paths to ARCESS cross
the middle part of the Ural Mountains.

For all the events located at the sites shown on the map in Figure 2-1, short-period Lg

waves have been recorded at some level although the frequency content of the Lg waves decrease

with increasing distance.

In this section, the coda shapes of the explosions have been analyzed using the incoherent

beam analysis described in the previous section. In all cases, a window length of five seconds was

used in the averaging the log-rms amplitudes on each channel before stacking across the array.

The waveforms were pre-filtered with a 0.6 to 3.0 Hz Butterworth recursive bandpass filter prior

to computing the incoherent beams.

Crustal Cross-Sections

Crustal cross-sections were generated using the methods described in the previous section.

The surface-elevation cross-sections were obtained from the ETOPO5 database. The Moho depth

was inferred from the elevations, assuming an Airy isostatic model with 80% compensation. The

crustal density was assumed to be 2.67 g/cm 3, the mantle density was assumed to be 3.27 g/cm 3,

and the average crustal thickness, for sea level, was assumed to be 30 km. (Note: This differs

from the Barents Sea model where an average crustal thickness of 40 km was assumed and 100%

compensation in order to obtain the type of crustal thickness variations reported in the Soviet

literature.)
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The upper-crustal sediment thicknesses for the propagation paths were obtained from

isopach maps published by the USGS (Alverson et al, 1967). The great-circle paths were traced

by hand across the maps which had contours indicating depths to deformed basement rocks. In the

stable, platform regions, the ages of these rocks are late Precambrian (post Riphaen), including the

Timan-Pechora and Moscow basins, and the basins in the vicinity of the Ural Mountains. For the

basins in the Caspian Sea region, the deformed basement is Paleozoic in age. For each great-circle

path, depths to the basement were recorded as a function of distance along the path and plotted as

cross-sections.

Ideally, this type of analysis should be done by comparing the Lg excitation for

propagation paths which cross different kinds of geologic structures, but have about the same

epicentral distance so as to remove the effects of distance attenuation. Although the paths in this

study cover most of the western platform regions of the Soviet Union, they vary considerably in

distance since a single receiver for many sources has been analyzed. Because of the variable

distances of Lg propagation, the possible effects of geological blockages of Lg can be evaluated in

three ways.

First, the Lg level relative to the preceding Sn phase can be analyzed, as was done by

Kvaerna and Mykkeltveit (1985) in their analysis of Lg propagation at closer distances to

NORSAR. This assumes that the Sn and Lg attenuate at more or less the same rate with distance.

Whether or not this is true depends on the nature of the propagation path. It has generally been

assumed that Sn attenuates in the upper mantle (e.g., Kadinsky-Cade et al, 1981) and that this

attenuation is more severe if there is a well developed aesthenospheric layer. However, refraction

studies for the upper mantle in the platform and shield regions of the Soviet Union (Masse and

Alexander, 1974) indicate that the aesthenospheric layer may be absent or not well developed. Lg

does not feel the effects of aesthenospheric attenuation, although it may be more sensitive to crustal

attenuation and scattering than Sn. Thus, because anelastic attenuation should be small in the crust
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and upper mantle beneath the western Soviet Union, Sn and Lg amplitudes should decay at about

the same rate with distance, and large changes in the relative amplitudes of Sn and Lg would be

due to localized blockages.

Second, the Lg excitation can be compared to the coda level after Pn and Sn, to determine if

reduced Lg levels correlate with increased coda levels. Such a correlation may indicate that Lg is

attenuated by forward scattering.

Finally, an estimate can be made of the absolute Lg level and the distance decay of the Lg

amplitude can be compared with what is expected for a standard Lg distance-distance attenuation

model.

In this study we will use the first two methods, where we examine in detail the relative Sn,

Lg, and coda levels, in a qualitative manner, and look for how the characteristics of the

propagation path may be affecting these variations. The basic assumption made is that the Lg

waves propagate along great-circle paths from source to receiver. FK analyses of Lg azimuths in

Baumgardt (1990) and elsewhere suggest that, for the first arrival Lg, this is a reasonably good

assumption. The fact that Lg, when observed, usually has a group velocity near 3.5 km/sec

indicates that the main Lg phase propagation is very close to the great-circle path. Lg can be multi-

pathed and propagated along different paths than the great-circle path. Much of the Lg coda may

be made up of later arriving multi-pathed shear waves. However, we assume that such deviations

are not significant, at least for the Lg which has a group velocity close to 3.5 km/sec, and that the

great-circle crustal cross-section represents most of the propagation-path effects that the Lg

experiences.
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2.3 GEOLOGICAL INTERPRETATION OF LG PROPAGATION EFFICIENCY

In this subsection, the Lg excitation and propagation efficiency for each of the regions will

be interpreted in terms of the crustal cross-sections for each of the great-circle propagation paths.

The organization of this section will be to present, for each source receiver path, the incoherent

beam analysis of the Lg excitation and then the crustal cross-section. In order to facilitate the

comparison of crustal cross-sections for different regions, each cross-section has been

standardized to a maximum distance of 4500 km, a maximum elevation of 2000 m, and a

maximum crustal depth of 40 kn. Each cross-section was made for a specific source-receiver

path, and the date of the explosion and the path description is given at the top of each figure.

However, more than one event may be described by a particular cross-section. The location of the

event is indicated on each profile by a black triangle. If the distance to the event is less than the

maximum distance, the cross-section has been extended beyond the distance of the event to 4500

km. Thus, the distances, depths, and scales of the different geologic features on each plot can be

directly compared.

Russian Platform PNEs (NP-N, SP-N)

Figure 2-2 shows the great circle paths for the two PNEs which occurred in the Russian

Platform region and whose Lg propagation paths to NORSAR traverse only the Russian Platform

and the Baltic shield.
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FIGURE 2-2: Propagation paths from the two Russian Platform PNEs to
NORSAR.
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Figure 2-3 shows the incoherent beam for the 10/04/71 PNE (NP-N), which occurred in

the northern part of the Platform. In this figure, the phases which we have identified as P, Sn, and

Lg are indicated. Because the PNE is beyond the cross-over distance for Pn and teleseismic P, the

first phase, on which all the waveforms were aligned prior to forming the incoherent beam, is

teleseismic P, although Pn is probably contained in the immediate coda. The first shear phase is

probably direct S, although the coda has been labelled as Sn. Generally, Sn is identified as the

energy which arrives in the coda with group velocity near 4.6 km/sec. Lg arrivals have group

velocities near 3.5 km/sec.

It is interesting to note in this plot, and in all the succeeding plots, that the P and Sn codas

are very different. The P coda decays very rapidly with time whereas the Sn coda is flat up to the

arrival time of Lg. Other authors have also observed this sustained Sn coda level at other distances

(Barazangi et al, 1977; Chinn et al, 1980; Kennett, 1985) which has been interpreted as resulting

from scattering due to interconversions between Sn and Lg. In the previous section and in

Baumgardt (1990), conversion of Sn-to-Lg at a single discrete interface may produce wave-packet-

like arrivals in the Sn coda like those observed for Novaya Zemlya events. The flat type Sn codas,

like that from the Northern Russian Platform PNE Figure 2-3, might be an indication of

continuous conversion of Sn-to-Lg from more distributed lateral heterogeneities along the path.

Figure 2-4 shows the crustal cross-section for this path. The event occurred in the

Moscow Basin, which contains Paleozoic clastics and carbonates that reach a thickness of 3 to 4

km. The basin gradually thins to the west into the Baltic shield. The elevation cross-section

shows that there is some variation in topography on the platform and into Scandinavia which may

cause weak scattering. Most of this path outside the Basin, including the Gulf of Bothnia segment,

is Precambrian shield, with essentially granitic upper crust that probably lacks significant lateral

heterogeneity. There are no major perturbations in the crustal thickness.
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FIGURE 2-3: Incoherent beam for the Northern Russian Platform (NRP) PNE,
as recorded at NORSAR.
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FIGURE 2-4: Crustal cross-section for the Northern Russian Platform PNE.
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Figure 2-3 shows that Lg excitation exceeds that of Sn and the propagation of Lg along this

path is efficient. There is no significant coda excitation, except for the flat Sn coda, which may

originate from scattering of Sn-to-Lg and Lg-to-Sn. However, this scattering is not strong enough

to significantly attenuate Lg or Sn. Apparently, the gradual thinning of the Moscow Basin to the

west does not pose a significant block to Lg.

Figure 2-5 shows the incoherent beam for the Southern Russian Platform PNE. This event

has a very similar coda to that of the Northern Platform, with the Lg excitation being quite strong.

The crustal cross-section for this path, shown in Figure 2-6, is similar to that of the

Northern Platform PNE, except for some of the details of the sedimentary basin. This explosion

occurred in the middle of NW-SE trending Dnieper Trough, labeled the Donbass Basin in Figure

2-1, which contains Paleozoic carbonates, clastics, and shallow evaporites, including Devonian

age salt domes. The post-Paleozoic sediments do not exceed 3 to 5 km, as in the Northern

Platform path, although Precambrian (Riphaen) clastic deposits may reach depths as great as 9 km.

As in the case of the Northern Platform PNE, the gradual thinning of the post-Paleozoic

sediments in the Baltic Basin to the west into the Baltic shield does not block Lg propagation.

Both of these examples suggest efficient Lg propagation out of gradually thinning sedimentary

basins.

Northern Urals PNEs (NU-N, TFP.N)

The map in Figure 2-7 shows the locations and great-circle paths for a group of PNEs

located in the northern part of the Russian Platform west of the Urals (NU-N) and one event (TFP-

N), which occurred on the Gyda Peninsula to the east of the Urals. The NORSAR incoherent

beams for these event:, are presented as a record section in Figure 2-8. The two Russian Platform
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FIGURE 2-5: Incoherent beam for the Southern Russian Platform (SRP) PNE, as

recorded at NORSAR.
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FIGURE 2.6: Crustal cross-section for the Southern Russian Platform PNE.
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FIGURE 2-7: Propagation paths to NORSAR from several events in the Russian
Platform and in the Northern Urals (NU).
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events, Events 5A (SRP) and 3A (NRP) are included for comparison as examples of efficient Lg

propagation.

The most striking difference between the three Northern Ural (NU) events, 6, 2A, and

14A, and the two Russian Platform (RP) events is that the NU events have much enhanced Sn

codas and reduced Lg levels. The Sn codas are interesting in that they begin as a sharp onset, as in

the case of the two Platform events, but then the levels increase with time rather than staying flat.

In fact, the Sn codas appear to reach a peak at about 50 to 100 seconds before the onset of Lg.

This peak is most apparent for Event 14A. The Lg onset is much less sharp, relative to the

preceding Sn coda, for Events 6 and 2A, but is still greater than the maximum Sn amplitude.

However, for the more distant Events 14A and 13A, the Lg amplitude is less than that of the

maximum Sn amplitude. For Event 13A, Lg is only barely visible as a slight increase in the Sn

coda level.

The low Lg levels from Events 14A and 13A are not due to distance attenuation, even

though these events are at greater distances from NORSAR than the other events. Lg levels in

excess of the Sn levels have been observed at greater distances than those of Events 14A and 13A

(22.70 and 27.50, respectively). Examples include Graefenburg recordings of Novaya Zemlya

events, shown in the first section of this report and by Baumgardt (1990), and Kazakh events

recorded at NORESS and NORSAR, shown later in this report and by Baumgardt (1985) and

Baumgardt (1990).

The Lg waves from the NU Events (6, 2A, and 14A) and the TFP Event (13A) have been

at least partially blocked along their paths to NORSAR. To investigate the causes of the blockages,

Figures 2-9 and 2-10 show the events plotted on geologic maps of the region. The three events, 6,

2A, and 14A, occurred in a perroliferous sedimentary basin caled the Timan-Pechora Basin. The

basin is a triangular structure bounded on the east by the Ural Mountains, on the east and
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south by the Timan ridge, and on the north by the Pechora and Barents Seas. The basin is filled

with sediments with depths of 10 to 12 km above the basement. The basement rocks are exposed

on the Timan ridge and in the Urals.

Figure 2-10 shows that Events 6 and 2A occurred in the Izhma-Pechora Basin, which

contains 1000 m of Permian and Triassic clastics, carbonates, and evaporites and 700 m of lower

Cretaceous age clastic coal-beaing sequences, with argillaceous limestone and oil shale (green and

blue colors in Figure 2-9). Event 14A occurred to the northeast in the Kosyu-Rogov Trough.

The crustal cross-section in Figure 2-11 is for the most distant event in the Timan Pechora

Basin, 14A, indicated by the solid arrow, although it also applies to the other two events as well.

This cross-section shows that the post-Paleozoic sediments reach a maximum thickness of near 8

to 9 km, according to the USGS maps, although the Russian literature indicates that the depth to

basement may be as great as 12 km in the center of the Basin (Jack Rachlin, USGS, personal

communication). Events 6 and 2A were located near the center of the Basin in Figure 2-11.

The Lg waves from all three of these events would have had to pass out of the thick

sediments of the Pechora Basin, whose sediments are probably low Q, through a region where

there are no sediments, the Timan ridge, and then back into another closed basin, the Moscow

Basin, before finally emerging at the sharp coastline of the Kola Peninsula. The Lg blockage may

be caused by the enclosed basins, the sediment pinchouts at the Timan ridge, and the sharp

topographic interfaces of the Kola Peninsula and Scandinavia. The sharp interfaces and pinchouts

at the edges of the Pechora Basin and Moscow Basin may cause the Lg waves to be back-scattered

and trapped in the basins, and then attenuated by repeated reverberation in the low Q sediments.

Scattering from these features is probably responsible for the enhanced Sn codas levels.
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FIGURE 2-11: Crustal cross-section for the Northern Ural PNEs (NU) which
occurred In the Timan-Pechora Synaclese.
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The crustal cross-section for PNE 13A, which occurred on the Tazovski-Gyda Peninsula,

is shown in Figure 2-12. This path passes completely to the north of the Pechora Basin, but

passes through the Kara and Barents Sea basins. The details of the sediments beneath these basins

were not given in the USGS atlas, but were approximately inferred based on the review of Clarke

and Rachlin (1990). Sediment depths as great as 5 km are suggested in these completely enclosed

basins, but these are uncertain. Clarke and Rachlin (1990) indicated thicknesses of this order for

the eastern part of the Barents Basin, but sediment thickness estimates for the Kara Sea were not

available to the study. The path through the Barents Sea is about the same as the Novaya Zemlya-

to-Graefenburg path, discussed in the previous section and by Baumgardt (1990). However, the

Lg waves appear to be more attenuated for this path than for the Novaya Zemlya-to-Graefenburg

path, possibly because the Gyda-to-NORSAR path passes through both the Kara and Barents

Basins. However, this interpretation must be considered tentative until more detailed sediment-

thickness information, particularly about the Kara Sea, can be obtained.

Comparison of Russian and Siberian Platform (SP-N) Events - The Ural Mountain
Effe c t

Figure 2-13 shows the locations of a group of events around the Ural Mountains, Event 6

in the Pechora Basin, discussed above, Event 3A in the Russian Platform and Events 2, 3, and 7,

which occurred on the Siberian Platform. These events provide an interesting opportunity to

directly examine the effect of Lg propagation across the Ural Mountains. Figure 2-14 compares

the events located west of the Ural Mountains with those to the east. For Events 7 and 3, which

are well to the other side of the Urals, the Lg amplitudes are reduced well below the Sn levels

compared with Event 3A. The Lg of Event 6 may have been partly blocked by the Pechora Basin.

Event 2, which occurred west of the Urals, also appears to have a partially blocked Lg. Also,

Events 3 and 7 appear to have much enhanced P coda levels compared to the events to the east of

the Urals.
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FIGURE 2-12: Crustal cross-section for the Tazovski-Gyda region PNE to
NORSAR. This path passed north of the Timan.Pechora Synaclese, but passed
through the Kara and Barents Sea.

82



Uj0

wjNRA
a0

00

Z GRAEFENBURG 0

so SEMIPALATINSK
AZGIR/ASTRAKHAN

EAST LONGITUDE IDEG)

FIGURE 2.13: Propagation paths for five events located near the central part of
the Ural Mountains.

83



O CTOB8ER 4. 19 71 (3 A)" r,.
6=17.40 BAZz:72e -

rnb 4.60

Sn C

0
AUGUST 11, 1984 (6) C

Lg L= 20-30 BAZ z590 z

0 z

LO ~OCTOBER 17, 1978 (2 r
2 L=24.20 BAZ=610

mb =5.5 /

C
AUGUST 25, 1984 (7) M
L =2850 BAZ z 610 r
mb =5.3

C

z
A z2870 BAZ =630 r

mb :5.4

0 200 400 600 800 1000)

TIME (SEC)

FIGURE 2-14: Record section of the incoherent beams recorded at NORSAR for
the ive events shown in Figure 2-13.

84



Figure 2-15 shows the crustal cross-section from Events 7 and 3 to NORSAR. The plot

shows that the Lg waves from Events 3 and 7 must cross at least three barriers: the Ural

Mountains, the Pechora Basin, and the Timan Ridge. The completely enclosed Moscow Basin

also lies along the path, but this part of the Basin only contains 2 to 3 km of sediments. These

three barriers may be the block to Lg from Events 3 and 7.

Why Event 2 has such a strong Lg, even though it must pass through the same barriers, is

not clear. One possible explanation is that the event may be mislocated and was actually located to

the west of the Urals. Its coda shape in Figure 2-14 does have a strong resemblance to that of

Event 6, which was located west of the Urals, although it's P-to-Sn and Lg times seems to be

greater than that for Event 6, which implies that it occurred at a greater distance. Another

possibility is that the Lg waves from Events 3 and 7 must also traverse 700 to 800 km the

Mesozoic and Cenozoic clastic and carbonate (including coal-bearing) sediments beneath the West

Siberian Platform at the flanks of the Urals, which may cause increased attenuation of Lg, whereas

Event 2 occurred right at the edge of this basin.

Caspian Sea PNEs (ECS.N)

Figure 2-16 shows the great-circle paths for the two events in the Caspian Sea (A,

Astrakhan) and an event located southeast of the Urals (4A). Lg has been known for some time to

propagate inefficiently across the Caspian Sea region (e.g., Kadinski-Cade et al, 1981; Piwinskii,

1981). The observations from the two Caspian events, 1A and the Astrakhan Event, are in

complete agreement with these earlier observations, as shown in Figures 2-17 and 2-18.
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Figure 2-17(a) shows waveforms from the 6C subarray of NORSAR and 2-17(b) shows

the incoherent beams, across all subarrays, for the Event IA. Both plots show that the Lg wave

has been virtually blocked, although the Sn-coda waves are strong. As can be seen in Figure 2-16,

the Lg propagation path from this event to NORSAR crosses the northern part of the Caspian Sea.

Figure 2-18 compares the incoherent beams of the Astrakhan event with Event 4A, labeled

SEU on the map in Figure 2-16, which is located in the southern Urals. Both events have almost

the same magnitude and are at the same distance from NORSAR. However, the Southern-Urals

event produced a strong Lg, whereas practically no Lg was recorded from the Astrakhan event.

The propagation path from the southern Urals region, although the same distance as the Astrakhan

path, is well north of the Astrakhan path, as can be seen in Figure 2-16. The two Caspian paths

are nearly the same, except for the extra segment across the Caspian Sea for the ECS event. These

comparisons suggest that the Lg blockage for the Caspian must lie north and west of the Astrakhan

region and is not present in the path from the southern Ural Mountains region to NORSAR.

Figure 2-19 shows the tectonic map of the Caspian region. The map shows (also, see

Figure 2-1) that the region northwest of the Caspian includes a large sedimentary basin, called the

Pricaspian or North Caspian Depression. Figure 2-20 shows the crustal cross-section from Event

IA, the ECS event, to NORSAR. This Basin is very similar to the Pechora Basin, except the the

post-Paleozoic sediments reach extraordinary depths. As shown in Figure 2-20, the USGS maps

show depths to the deformed basement of in excess of 15 km. Also, the Basin contains extensive

evaporite deposits in the form of salt domes which are exposed at the surface. Figure 2-20 shows

that the ECS event happened on the extreme east end of the Basin and thus, Lg would have had to

cross this very deep basin before entering the Voronezh Uplift on the Russian Plateau. The

Astrakhan event also occurred on the west end of the basin, although north of the Caspian
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Sea, so that its Lg propagation path would not have included the water segment. We conclude that

it is the North Caspian Depression, not the shallow Caspian Sea itself that blocks the Lg

propagation across the region.

Figure 2-21 shows the crustal cross-section for the path from the southern Urals region to

NORSAR. The southern Urals PNEs also were detonated in a sedimentary basin, called the South

Ural Basins, which also contain evaporite deposits. In fact, it is believed that most of the

explosions in this basin, as well as those in the Pechora and North Caspian Basins, were probably

detonated to generate large cavities in the salt to store natural gas condensate. However, this event

occurs in the middle of the basin, as in the case of the South Russian Platform PNE, 5A, which

occurred in the middle of the Donbass Basin. In both instances, strong Lgs, with amplitudes much

greater than the Sn, were recorded at NORSAR.

The blockage of Lg from the Caspian region can be attributed to the same trapping

mechanism that has been proposed for the Barents Basin blockage of Lg from the Novaya Zemlya

region. The Lg waves are composed of shear waves which reverberate in the granitic layer of the

crust. When this granitic layer is replaced by a deep, sedimentary basin, containing low-velocity,

possibly lov-Q sediments, the shear waves become trapped in the basin because of the large

horizontal impedance contrasts at the edges of the basin. The salt itself may be a factor, since it has

Q near 70 (Langston, 1983) and compressional seismic velocities near 4.5 km/sec, which are

considerably lower than granitic velocities. Another factor is the complexity of the North Caspian

Basin itself, where the salt which reaches depths of 8 to 9 km, has several dome structures which

extend to the surface, and sediments which extend below the cutoff of the salt. These complexities

may cause significant scattering of both Sn and Lg waves, which result in the blockage of the Lg

waves and the enhancement of the P and Sn coda.
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One question which arises in this comparison of the southern Urals event with the Caspian

events is why the South Ural Basin does not also block Lg propagation. The answer may relate to

where the event occurs relative to the basin, the depth and width of the basin, how contained the

basin is (i.e., how sharply do the sediments cutoff at the edges), and the sharpness of the vertical

interface between the basin rocks and the surrounding "granitic layer" rocks. If the event occurs

outside the basin and the Lg must cross the entire basin, as in the case of the Caspian events, there

may be more Lg blockage than if the event occurs in the basin itself, as in the case of the SEU PNE

in the South Urals Basins and the SRP PNE in the Donbass Basin. In fact, Lg may actually be

strongly excited if the explosion occurs in the basin itself. The Caspian Basin is considerably

larger, both in width and depth, and thus, may be more capable of trapping Lg modes, than either

the South Urals and Donbass Basins. Also, in the case of the Caspian Basin, there is a sharp

topographic interface between the Basin and the adjacent Voronezh Uplift, similar to the Barents

Sea - Kola interface, which may significantly backscatter Lg waves. This interface could also be a

source of Sn-to-Lg scattering, which may be responsible for the complex Sn coda observed from

the ECS event. The "bumps" in the Sn coda in Figure 2-17 may actually be "early Lg" waves

produced by this conversion. In the case ot the SEU event, the South Ural Basin actually

underlies an elevated region, and there is no sharp vertical interface between the Volga-Ural Uplift

and the edge of the Basin which could backscatter Lg. There is also no sich interface in the case

of the Russian Platform PNEs.

Lg Waves Which Cross the (irals (WK-N, EK-N, EK-A, SEU-N)

Figure 2-22 shows the locations and Lg great-circle propagation paths for a group of

explosions which occurred in the vicinity of the Urals and east of the Urals. The Lg waves from

events east of the Urals crossed some part of the Urals. In the discussion of the Siberian Platform

events above, it was suggested that the central part of the Ural mountains blocks and scatters Lg
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waves. The question to be addressed in comparing the events in Figure 2-22 is whether or not the

southern Urals block Lg as much as the central and northern Urals.

Figure 2-23 shows the record section for the paths SRP (5A), SU west side of Urals

(12A), SEU east side of Urals (8A), WK (10A, 1 A) and EK (Shagan River). Al the events were

recorded at NORSAR, except for the Shagan River explosion recorded at Graefenburg at the

bottom of the plot. All these explosions have Lg waves which exceed the Sn levels, although this

relative excitation seems to drop somewhat between event 12A and 8A. It appears that the Lg

waves from events east of the Urals, which cross the Urals, are somewhat reduced relative to Sn

which might suggest a partial blockage in the Urals. Moreover, the P-coda levels ahead of Sn

appear to be somewhat higher for events on the west side of the Urals than those on the east side.

Figures 2-24 and 2-25 show the cross-sections for the SEU and WK paths, respectively.

Note that the SEU cross-section in Figure 2-24 is very similar to that in Figure 2-21, except that in

the former, the event for the path, which is PNE 8A, occurred on the east side of the Urals as

opposed to Event 4A, which occurred on the west side in Figure 2-21.

These cross-sections show that the Lg waves from these events encounter a topographic

discontinuity in the form of the Ural Foldbelt at the edge of the South Ural Basins. Sediment

thicknesses in these basins can reach 8 to 9 kmrL The Lg waves from these events do not appear to

be strongly reduced, which may relate to the small width of this basin compared to that of other

basins we have studied which strongly block Lg, such as the South Barents Basin and the North

Caspian Basin.

It should also be noted that although the Urals is considered to be a Phanerozoic foldbelt,

Figures 2-24 and 2-25 show that it does not appear to have a deep root based on the isostatic

compensation model. This is consistent with Soviet deep seismic sounding profiles across the
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structure (Pinwinskii, 1981) which have not revealed significant increase in crustal thickness

associated with the Urals.

The incoherent beams for several NORSAR codas recorded for events near the Soviet test

site at Semipalatinsk, after Baumgardt (1985), are shown in Figure 2-26. As shown, the

variations in amplitude for these events is very distinctive, which may be caused by different kinds

of scattering. Baumgardt (1985) has suggested that the first flat part of the coda may be caused by

Lg waves forward scattering into P waves in the vicinity of the Ural Mountains. Baumgardt

(1990) has applied FK analysis at NORESS to this part of the coda and measured phase velocities

consistent with Pn type modes. However, significant Lg velocities were also measured for this

part of the coda, which might have been caused by Pn-to-Lg scattering in the same region. The

emergent onset of Sn and hump in the Sn coda is interpreted to be interconversions between Sn

and Lg at the Urals and elsewhere along the propagation path.

Fic,,tre 2-27 shows a comparison of a NORESS and ARCESS incoherent beams, for an

event at Semipalatinsk, first shown by Baumgardt (1990). This comparison shows that both Sn

and Lg have very weak onsets for this event, and that the Lg amplitude at ARCESS is less than the

Sn amplitude. The Lg amplitude at NORESS exceeds the Sn amplitude, in spite of the fact that it

is 80 farther from the source than ARCESS. Thus, the Lg from Semipalatinsk to ARCESS (EK-

A) seems to be substantially more blocked than the path from Semipalatinsk to NORESS.

The cross-sections for these two paths are shown in Figures 2-28, for ARCESS (EK-A),

and 2-29 for NORESS (EK-N). Comparison of these two paths shows interesting similarities and

differences. The paths are similar in that they both cross the Ural Foldbelt and sedimentary basins

on the flanks of the Urals. The main difference in the paths, aside from the difference in distance,

is the dimensions of the lateral heterogeneities along these paths. First, the elevation of the Ural

Foldbelt along the path to ARCESS is around 700 m, almost twice the elevation along the path to
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NORESS, where it is about 300 m. Second, the sedimentary basins along the ARCESS path,

including the Pechora and Moscow Basins, are deeper than the Urals and Moscow Basins along

the NORSAR path. Furthermore, sediments pinch out more sharply in the Pechora and Moscow

basins, whereas the sediment thicknesses decrease gradually from the Moscow Basin into the

Baltic shield in the case of the path to NORESS. These pinchouts might trap more Lg energy, for

the path to ARCESS, compared with the path to NORESS, and the higher elevation of the Urals

along the path to ARCESS may scatter more Lg energy into the P coda.

The analysis of these events along with the study of the Siberian Platform events above

indicate that the Lg waves which cross the central Urals are more severely blocked than Lg waves

which cross the southern parts of the Urals. This result cannot be explained by anelastic

attenuation, because Lg clearly decay. more rapidly, relative to Sn, across the middle part of the

Urals than it does across the southern Urals, even though the distances are shorter in the former

case.

2.4 CONCLUSIONS AND RECOMMENDATIONS

This qualitative review of Lg excitation and propagation paths has shown that Lg

attenuation, relative to Sn, exhibits significant variation which seems to correlate with the existence

of geological heterogeneity aleng the path. The presence of sedimentary basins along the path,

especially when associated with neighboring uplift regions, plays a major role in the blockage of

Lg. Basin trapping and scattering from strong vertical inhomogeneities are the proposed

mechanisms for Lg blockage and P and Sn coda generation.

106



The following features seem to be associated with strong Lg blockages:

(1) When the Lg must cross a fully contained sedimentary basin, where the
sediment thicknesses pinch out to very shallow thicknesses at the edges of
the basin.

(2) When the low-velocity sediment thicknesses replace most of the granitic
layer of the crust. Note that this is a variant of the "missing granitic layer"
theory for Lg blockage, proposed by Piwinskii (1981). However, the
missing layer must be contained within a basin where there are significant
velocity contrasts between the basin rocks and the rocks surrounding the
basin which have granitic velocities. In this setting, the Lg waves become
trapped in the basin and attenuate as a result of repeated reverberation and
scattering in the basin.

(3) When there are lateral heterogeneities, due to vertical interfaces between
uplifted areas and adjacent sedimentary basins. Unusually rough surface
topography may also be a source of scattering.

Lg waves are not strongly blocked and propagation is efficient if the following conditions

hold:

(1) There are no sedimentary basins along the path and the granitic layer is
relatively stable.

(2) There are sedimentary basins present with shallow sediments that do not
totally replace the granitic layer.

(3) There are sedimentary basins present, but the sediment velocities are not
much different than the granitic velocities.

(4) Sedimentary basins are present, but they are not contained; i.e., the
sediments are not sharply pinched out at the edges. In this study, efficient
Lg propagation was observed when the basin thins gradually and there are
no significant vertical heterogeneities to backscatter Lg.

(5) The event or receiver is actually located in the sedimentary basin, rather than
the event occurring outside the basin and its Lg waves propagating in and
out of the basin. It is well known that surface vibrations are accentuated
within the basins themselves, and Lg excitation may actually be very strong
if the event occurs in the sedimentary basin, or if the receiver is in the
sedimentary basin.
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The isostatic compensation model for the crustal depth indicates that Moho depths do not

vary by more than 5 km in most regions of the Soviet Union which are traversed by these

propagation paths. However, significant variations in Lg excitation have been found. Moreover,

there is no evidence of any correlation between Moho depth and the nature of Lg excitation. We

conclude from this that lower-crustal variations have little effect on Lg excitation, at least in the

platform regions of the Soviet craton. This seems logical, since the group velocity of Lg is

approximately that of the upper-crustal shear wave velocity and seems to be composed primarily of

shear waves reverberating in the upper crust.

An important assumption made in these interpretations is that the source itself has little

effect on the excitation of Lg, compared to Sn and coda waves. Since all the events are

explosions, there should be no azimuthal or takeoff-angle dependent radiation-pattern effects, like

what might be expected for earthquakes. Source effects which could be important include source

geology and depth of burial. Regarding source geology, we have pointed out that the explosions

which occur within sediments in sedimentary basins may more strongly excite Lg waves than

explosions in granite. The depths of burial are unknown for most of the explosions, although

some may be estimated based on the presumed purpose of the explosion. For example, explosions

in salt probably vere detonated at shallow depths in the salt. Although the effect of depth on

absolute Lg excitation has been investigated (Liwall, 1988; Frankel, 1989), the depth dependence

of the relative excitation of Sn and Lg has not been studied. Given the modal character of both Sn

and Lg, both phases probably have the same depth dependence. Overall, we expect that

propagation effects, including those due to near-source geology, will have far greater effect on Lg

excitation than source effects.

This study suggests that knowledge of the propagation-path geology can be useful for

predicting the efficiency of Lg propagation from a source to receiver and whether or not Lg

amplitudes have been partly reduced by blockage effects. This can be important when using Lg
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amplitudes for absolute yield estimation, calibrating Lg yield curves, or using Lg amplitudes for

discrimination.

This study has been very qualitative. Future work should attempt to make more

quantitative estimates of the effects of geologic heterogeneity on Lg amplitude. Data from more

paths, using stations inside the Soviet Union, need to be used which traverse other kinds of

structures. An attempt should be made to empirically relate the physical characteristics of

sedimentary basins, such as their depth, width, sediment velocities, etc., to the degree of Lg

amplitude reduction, for a given distance.

Attempts should also be made to model theoretically the kinds of conditions which we have

found for real propagation paths. Techniques for modeling Lg propagation in laterally

heterogeneous media are still very limited, given the constraints of current computational

capabilities. However, studies of Lg excitation and the propagation path characteristics can be very

useful in focusing future modeling efforts.

Finally, this study has shown that more precise geological and geophysical information can

be very useful for understanding propagation characteristics of Lg. Future research should be

directed toward acquiring more of this kind of information. With more in-depth data about the

surface elevations, lithologies, and seismic velocities for various propagation paths, it should be

possible to calibrate Lg amplitude measurements for effects of geologic heterogeneity. At the least,

conclusions about event yields and event identification utilizing Lg amplitudes should be qualified

based on knowledge about geologic blockages.
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